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Abstract
1. The negative impact of invasive alien plants (IAPs) in protected areas (PAs) is  
managed through control programmes, often using area-based management, 
where identified IAPs in management units are controlled simultaneously. 
However, this approach has shortfalls, including the methods used to prioritise 
management units, spatial grain dependence and spatial interdependence of man-
agement units. Species-based management approaches, though used less fre-
quently, are usually aimed at eradication.
2. We propose using a Commonness framework to reconcile area-based and spe-
cies-based management approaches, viewing the invasion process as a population 
trajectory from uncommon to common. The framework assigns species to one of 
eight commonness types at a given scale using three species characteristics: local 
population size (small/large), geographic range (wide/narrow) and spatial pattern 
(even/clumped). These metrics were calculated using a comprehensive fine-scale 
IAP dataset from Table Mountain National Park, South Africa, at six scales of in-
creasing spatial grain, enabling quantification of the effects of scale and species' 
range structure on management potential of IAPs.
3. Most species exhibited the Point Source commonness type at fine spatial grains, 
requiring Rapid Response, Reconnaissance or Sweeping management strategies. 
At coarser grains, species were mostly classed within wide occupancy ranges, with 
small population sizes (Dispersed and Sparse types). The Control strategy cur-
rently applied in the area (best suited for large populations across a narrow range) 
should be re-evaluated given the progress made by historical clearing in reducing 
commonness. Using a phylo-tree, we identified adjacent areas that require differ-
ent strategies as well as changes in species-specific goals at particular sites with 
increasing grain coarseness. For example, species generally deemed to be com-
mon, for which a Control strategy is applied, may require Rapid Response type 
strategies for isolated and/or small, clumped subpopulations.
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1  | INTRODUC TION
Movement of plant species by various human activities has re-
sulted in novel distribution ranges for many species (Hulme, 2009; 
Lockwood et al., 2013). Some of these species thrive in their novel 
ranges, expanding to cover large areas. Invasive alien plants (IAP) are 
characterised by these range expanding properties along with their 
high local population densities (Lockwood et al., 2013). However, 
these expansion and densification processes do not materialise in 
the same way for all species (McGeoch & Latombe, 2016). Some spe-
cies follow slow diffusive dispersal, while others have both diffusive 
and long-range dispersal characteristics (Pauchard & Shea, 2006; 
Wilson et al., 2009). The species occupancy (i.e. the number of sites 
or total area occupied within the range extent) and the local pop-
ulation densities of different IAP across landscapes therefore dif-
fer, with implications for invasive species management. Indeed, the 
relative position of a species along a temporal invasion trajectory 
(i.e. how a species becomes more common over time via increas-
ing occupancy and local density) helps to profile potential risks and 
management options. Intraspecific comparisons of populations over 
different parts of their range may provide early warning of emerging 
range expansion and facilitate appropriate management response 
(Donaldson et al., 2014; Veldtman et al., 2010).
Invasive alien plants pose significant current and future 
threats to biodiversity and ecosystems in protected areas (PAs) 
(Foxcroft et al., 2013; Gaertner et al., 2009; Le Maitre et al., 2011; 
Richardson et al., 2007). Despite substantial investment in control 
programmes, however, their long-term success is varied and often 
limited (Gardener et al., 2010; Kraaij et al., 2017; McConnachie 
et al., 2012; van Wilgen et al., 2012; Vince, 2011), with the out-
look for control requiring increasing resources. One approach 
to controlling IAP is area-based management, where an invaded 
landscape is divided into management units in which all IAPs 
are simultaneously controlled per unit land area (Hulme, 2006; 
Tu, 2009; Williams, 1997; Working for Water, 2003). Area-based 
approaches aim to achieve ecological integrity at particular sites 
but have several shortcomings. The first relates to the spatial 
grain or minimum mapping unit used to estimate invasion levels 
(Dungan et al., 2002; Hui et al., 2010; Pauchard & Shea, 2006). 
Management strategies are often based on the grain-dependent 
characteristics of population extent and local density, as well as 
management attributes such as treatment success. For example, 
the decision to respond timeously and eradicate a local population 
(Rapid Response, as described in Table 1), versus adopting a lon-
ger-term Control strategy is determined by both a species' density 
(individuals per area) and the extent of the area it occupies (bound-
ing box of occurrence; Tu, 2009; Wittenberg & Cock, 2001). These 
properties of species distributions are typically measured at the 
uniform grain of the treatment unit. However, species occupancy, 
area of occurrence and local population size are well known to 
be scale dependent (He & Gaston, 2000; Veldtman et al., 2010) 
and likely to differ depending on the grain of the treatment unit. 
The relative change in these attributes, in terms of a hierarchy of 
grains, is often overlooked. A species with high population den-
sity at a fine grain may have relatively low population density at 
a coarser grain. Similarly, species occupancy changes in different 
ways with an increase in grain, depending on the patchiness of 
the distribution and the absolute grain of measurement (He & 
Gaston, 2000; Veldtman et al., 2010). Importantly, understanding 
variation in species occupancy values provides insight into spe-
cies' population dynamics (areas of saturation and possible range 
expansion) from site to landscape and regional scales (Donaldson 
et al., 2014; Kunin, 1998; Wilson et al., 2004). Using a single grain 
to make decisions about and implement management strategies 
can, therefore, limit successful control and can potentially result 
in inappropriate clearing strategies.
A second constraint of area-based management is limited finan-
cial resources (Bruner et al., 2004; Frazee et al., 2003) that result 
in the need to prioritise management units for treatment. Several 
structured decision-making frameworks have been employed to as-
sist prioritisation of conservation actions in PAs (Bower et al., 2017; 
Schwartz et al., 2018), including analytical hierarchy process (Forsyth 
et al., 2012), adaptive management objective setting (Foxcroft & 
McGeoch, 2011) and risk and threat analysis (McGeoch et al., 2016). 
In each approach, the perceived ecological function or management 
focus is determined by setting specific objectives that seek to retain 
or restore ecosystem structure and functions (Bower et al., 2017). 
Management of focal areas often includes freshwater systems, 
4. Synthesis and applications. We use a Commonness framework to quantify patterns 
of plant invasion at multiple spatial scales. We demonstrate how different manage-
ment strategies are appropriate for the same species in different parts of its in-
vaded range, and how these nuances are often obscured through the use of coarse 
data. The framework enables tailoring management interventions to minimise the 
spread and impact of invasive alien plants.
K E Y W O R D S
alien plant, commonness framework, invasion trajectory, invasive alien species, management 
strategy, population dynamics, spatial scale and aggregation
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high fire-risk areas or important biodiversity areas (Roura-Pascual 
et al., 2009). Irrespective of the prioritisation method, certain areas are 
ranked above others, meaning some areas only receive treatment as 
budgets become available, or otherwise go untreated, allowing IAPs 
to persist in the landscape (Cheney, Esler, et al., 2020). A third limita-
tion of area prioritisation is the frequent failure to consider the spa-
tial interdependence of management units, i.e. what is happening in 
directly adjacent areas. For example, river systems and post-fire areas 
are ecologically interdependent (e.g. for many Acacia spp., waterways 
are an important dispersal pathway, while post-fire areas are important 
recruitment sites), but may be prioritised independently of one another 
based on pre-set objectives (Forsyth et al., 2012).
Although implemented less frequently than area-based man-
agement, species-based management approaches are employed 
to target specific invasive species based on particular traits, im-
pacts or opportunity for local eradication (Downey et al., 2010; 
Nel et al., 2004; Simberloff et al., 2013; Wittenberg & Cock, 2001). 
While eradication is a desirable outcome, the drawback of this ap-
proach is that a landscape may remain degraded due to the presence 
of non-target alien species. Also, areas recently cleared of the target 
species may be susceptible to secondary invasion by other IAP.
Area-based and species-based management approaches can be 
strategically combined by viewing species invasions as a continual pro-
cess at different stages and landscape scales (Blackburn et al., 2014; 
Hobbs & Humphries, 1995; Hulme, 2006). As a species moves through 
the stages of arrival, establishment, range expansion and domination 
of the landscape (which can occur simultaneously in different parts of 
the PA), it moves from being uncommon to becoming common in the 
landscape (which we refer to as the ‘trajectory towards commonness’ 
or ‘invasion trajectory’, sensu McGeoch & Latombe, 2016). The aim of 
management is to reverse this trajectory by reducing the extent, area of 
occupancy and local population size; in other words to shift the species 
from being common to uncommon and as far as possible remove them 
from the landscape entirely. Depending on the species' position on an 
invasion trajectory, the species can be classed into one of eight com-
monness types with associated descriptors, e.g. not common, dispersed 
TA B L E  1   Scale-relevant management strategy options for invasive alien plants based on properties associated with species' commonness 
(i.e. range structure categorisations; sensu McGeoch & Latombe, 2016). The primary determinants of a management clearing strategy are 
local population size (plants/ha) and the range extent of the population (EOO and AOO). The local spatial pattern (aggregation) relates to the 
‘likelihood of management success’, with treatment success increasing where species are more aggregated
Commonness typea   Management strategy (Goal) Strategy definition Comment on required resources
Not presentb   Reconnaissance
Goal: prevent establishment 
of new populations
Searching for individuals in areas where they 
have yet to occur or have been previously 
removed
Very high search cost, very low 
treatment cost
Point sourcec  Rapid Response (EDRR)
Goal: Eradication
Total removal of very small populations that 
have been detected
Requires relatively high search effort, 




Goal: Reduce population size
Clearing medium size areas of medium-
density IAP
Requires relatively low search and low 




Goal: Reduce geographic 
range
Clearing large areas of low-density IAP Requires high search and high cost per 
individual and very low cost per haSparse
Highly successful Containment
Goal: Limit expansion
Preventing further spread of IAP in areas of 
the landscape where they dominate
Requires low search cost, medium 
cost per individual, very high cost 
per ha
Successful
aSee Figure 2. 
bThis commonness type was not in the original framework and has been added in this study. 
cEquivalent to Newly Established in the original framework (McGeoch & Latombe, 2016). 
dControl has been the core management focus in the study area. 
F I G U R E  1   Commonness framework (modified from McGeoch 
& Latombe, 2016) based on three population properties: novel 
range (wide or narrow), local population size (small or large) and 
spatial pattern. For application, population size is measured in 
plant density, with a cut-off of 2,500 plants per hectare; range is 
measured with the box-counting fractal D (Kunin, 1998), cut-off 
Dij = 1 (see Section 2.2); and spatial pattern is measured by the 
distance to regularity Ia, with cut-off Ia = 1. The ninth category, 
‘not present’, is used for species absent from a site (see Table 1 for 
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or highly successful (Figure 1). This classification, originally based on the 
properties of population size, number of sites occupied and time since 
establishment (McGeoch & Latombe, 2016; see Figure 1), provides a 
useful basis to understand the dynamics of IAPs in managed areas. At 
each invasion stage, specific management strategies are available to 
treat IAPs that differ in terms of the time, costs, resource requirements 
and implementation methods (Table 1; Simberloff, 2014; Simberloff 
et al., 2013). Because species distribution properties are inherently 
scale dependent (Hartley & Kunin, 2003; Hartley et al., 2004), the rela-
tionship between IAP occupancy and population size and spatial grain 
has to be considered to inform management alternatives.
Here we examine the potential of classifying IAPs according to 
properties of their distributions to support IAP management. We adapt 
the approach used to discern types of ‘commonness’ (sensu McGeoch 
& Latombe, 2016, Figure 1) by aligning IAP management strategies 
with this commonness framework. Empirical, fine-scale and spatially 
explicit distribution data on the abundance and occupancy of several 
alien species (Cheney et al., 2018) are used to assign species to one of 
nine commonness types at six hierarchical spatial grains. We demon-
strate the usefulness of this classification for understanding how 
species' commonness changes across spatial grains in different parts 
of the landscape and how this integrates species- and area-based ap-
proaches to inform the most appropriate clearing strategy.
2  | MATERIAL S AND METHODS
2.1 | Study area
Table Mountain National Park is located on the Cape Peninsula, South 
Africa, and covers approximately 25,000 ha within a well-known biodi-
versity Hotspot in the Cape Floristic Region (Cowling et al., 1996). The 
region has a long history of plant invasion, predominantly by woody 
species from the genera Acacia, Pinus and Hakea (Shaughnessy, 1980; 
Spear et al., 2013). A national response in the form of the Working for 
Water programme was established in 1996 to control IAPs, with the 
aim of restoring and maintaining habitat structure and function to miti-
gate ecosystem service loss, especially water production (van Wilgen 
et al., 2012). Between 1995 and 2015 Working for Water invested ap-
proximately ZAR 564 million (1 US$ ~ 15 ZAR in 2019) in South Africa's 
PAs (van Wilgen et al., 2016). Despite the well-established IAP control 
programme, implemented continuously for over 20 years, and sup-
ported by extensive resources, the park still requires annual budgets 
of about ZAR 20 million to implement alien clearing.
2.2 | Sampling and analysis grids
McGeoch and Latombe's (2016) framework has eight commonness 
types determined using combinations of three species population 
characteristics: (a) local population size (small or large), (b) geo-
graphic range (wide or narrow) and (c) time since establishment (long 
or short; Figure 1). To quantify these three population characteristics 
for the purpose of assigning commonness types to species in this 
study and examining how these change with scale, we established 
a fine-grain, 150 m sampling grid over the park, resulting in 10,057 
sample cells. At the centroid of each sample cell, a 500 m2 plot was 
established and the number of individuals of each alien species pre-
sent was counted (Cheney et al., 2018).
To analyse the relationship between grain and species popu-
lation characteristics, data were aggregated for each alien species 
using fractal grids (Hartley et al., 2004; Veldtman et al., 2010; con-
structed in ArcGIS 10.4; ESRI, 2014) at grains of 150 (n = 10,057), 
300 (n = 2,841), 600 (n = 845), 1,200 (n = 258), 2,400 (n = 84) and 
4,800 m (n = 30; Figure 2a). At each grain, grid cells were grouped 
into analysis units based on topography, vegetation type, fire his-
tory and invasive species clearing history (Figure 2b). Starting at the 
4,800 m grain, the 30 cells were grouped into a single park-level 
analysis unit; at the 2,400 m grain, the 84 cells grouped into two 
analysis units; at 1,200 m grain, 258 cells were grouped into eight 
analysis units and so on through to the 10,057 cells at the 150 m 
grain that were grouped into 127 analysis units.
To assess how commonness types changed between two grains 
(for example the 150 and 300 m grids), the analysis followed a nested 
layout where units at a finer grain were nested within the units of the 
next higher grain to form a non-overlapping hierarchical relationship 
(Figure 2d). For example, analysis units 1, 2 and 3 at grain 150 m, were 
nested into analysis unit 1 at grain 300 m. Similarly, analysis units 1 
and 2 at scale 300 m were nested within analysis unit 1 of scale 600 m, 
until there was only one analysis unit representing the entire PA with a 
grain of 4,800 m. This non-overlapping hierarchical nesting is required 
to undertake range analysis and compose commonness phylo-trees 
for spatial analysis (Section 2.6).
2.3 | Selection of species and species groups 
for analysis
Taxa that had a long history of invasion and were focal species of the 
alien plant control programme in the park were selected for analy-
sis. These included seven species (Acacia cyclops, Acacia longifolia, 
Acacia saligna, Leptospermum laevigatum, Paraserianthes lophantha, 
Pinus pinaster and Pinus radiata) and four genera (all Acacia species, 
all Eucalyptus species, all Hakea species and all Pinus species).
2.4 | Species mapping to the commonness  
framework
Taxa were classified within one of nine commonness types based 
on their geographic extent, local population size and time since 
establishment within a defined geographic area and spatial grain 
(Figure 1). We substituted ‘time since establishment’ (McGeoch & 
Latombe, 2016) with spatial pattern of invasion (aggregation), be-
cause the PA has a long history of invasion by all the species of inter-
est and continued management control of IAP has altered species 
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invasion patterns. With this change, the Newly Established com-
monness type becomes Point Source, to reflect both new arrivals 
and those species where control has resulted in a small, clumped 
population (Figure 1). Finally, a ninth type not present/absent was 
also considered for sites where a species was not recorded.
The metrics of local population size, geographic range and spa-
tial pattern (described below), were calculated for each analysis unit, 
for each species at each of the six fractal grains (Figure 2c). For each 
species, the three metrics were used to assign each analysis unit 
to one of the nine commonness types at each of six spatial scales 
(Figure 1, Table 1). It was therefore possible to calculate the total 
number of analysis units with each commonness type at each scale.
2.4.1 | Local population size
Local population density (number of plants/ha) was chosen as a proxy 
for abundance, i.e. the metric for local population size. Using density 
as opposed to absolute abundance allowed for use of a consistent 
cut-off for the population size metric across scales. For each analysis 
unit, the total number of individuals counted within the grid cells was 
divided by the size (in hectares) of the grid cells to produce the num-
ber of plants/ha (Figure 2c). For use in the commonness framework, 
populations were considered either small (<2,500 plants/ha) or large 
(≥2,500 plants/ha). This cut-off of 2,500 plants/ha is equivalent to 
the local management agency (Working for Water) mapping stand-
ard of 15% plant cover (Neethling & Shuttleworth, 2013).
2.4.2 | Novel range (occupancy and extent of 
occurrence in the invaded range)
The geographic range of a species is typically measured by either or both 
its Area of Occupancy (AoO, the actual area in which the species is found) 
or Extent of Occurrence (EoO, the boundary delimiting the total area 
within which the species is likely to be found; Gaston, 1991, 1994). The 
relationship between EoO and AoO describes the degree to which space 
within the extent is filled and can be measured using D, the box-counting 
F I G U R E  2   Precursor steps for data analysis. (a) Fine-scale occurrence data (plot size—500 m2) were aggregated into fractal grid cells with 
dimensions 150, 300, 600, 1,200, 2,400 and 4,800 m. (b) Grid cells were clustered into analysis units based on topography, vegetation type, 
fire history and invasive species clearing history. (c) The commonness type was calculated from the following three metrics: population size 
(plants per hectare), range (Dij) and spatial pattern (SADIE Ia) for each analysis unit. (d) The analysis units were created to nest within each 
other at courser grains to form a hierarchy
Grid (i)
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Analysis units at a finer grain were nested 
within the units of the next higher grain
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fractal-dimension (Kunin, 1998; Wilson et al., 2004). AoO is inherently 
scale dependent as the number of occupied grid cells is multiplied by the 
size of the cell (Hartley et al., 2004). To determine the Novel range metric 
for the commonness framework, the AoO (km2) for each species was cal-
culated from the fine-scale presence–absence data (Cheney et al., 2018) 
at each of the six spatial grains (see Figure S1 and Table S1). The emerging 
statistic D was calculated by comparing AoO (km2) and linear resolution 
(km) between two grains (Donaldson et al., 2014; Veldtman et al., 2010; 
Wilson et al., 2004) for each incremental reduction in grain resolution, 
thus describing the ‘space-filling property’ of each species (Figure 2c). 
The statistic is calculated as Dij = 2 − bij where bij is the slope of the regres-
sion between log area occupancy (km2) and log-linear dimension (km). Dij 
values can range from zero (occupancy of a coarse-grain cell by a single 
occupied fine-grain cell, corresponding to a very narrow geographic dis-
tribution range) to two (all fine-grain cells within a coarser-scale cell are 
occupied, indicating a wide range of distribution, Kunin, 1998). Species 
with Dij < 1 were considered as having a narrow distribution and those 
with Dij ≥ 1 as having wide distributions.
2.4.3 | Spatial pattern
Species' spatial aggregation patterns were determined using the 
spatial analysis by distance aggregation index (Perry, 1998; Perry 
et al., 1999). This method uses count-based data and compares the 
spatial arrangement of the observed distance to regularity (the total 
number of moves that individuals in each grid cell must move so that 
all grid cells have the same number of individuals) with the permuted 
distances to regularity derived from a randomisation procedure. 
The index of aggregation (Ia) and associated randomisation test is 
calculated with Ia = 1 indicating a random distribution, Ia > 1 an 
aggregated distribution, and Ia < 1 a regular/uniform distribution. 
Therefore, in terms of the commonness framework, grid cells with 
Ia > 1 were classed as clumped and Ia < 1 as even.
2.5 | Clearing strategies
Five broad clearing strategies are available to managers depend-
ing on the stage of invasion (Hulme, 2006; Tu, 2009; Wittenberg 
& Cock, 2001) that range from Site Reconnaissance, through to 
Containment (Table 1). Each commonness type has a best-fit manage-
ment strategy. Clearing strategies are primarily determined by local 
population density (plants/ha) and the total extent of the population 
(EoO and AoO, together interpreted using D). The local spatial aggre-
gation pattern of a species indicates the likelihood of management 
success, with successful treatment increasing with aggregation.
2.6 | Spatial hierarchy analysis
Metric values calculated for the commonness framework were ex-
pected to change with spatial grain (Hui et al., 2010). The magnitude 
of this change and the impact it has on the choice of an appropri-
ate management strategy is unknown. The spatial relationship be-
tween each analysis unit was therefore mapped to a phylo-tree (Yu 
et al., 2017), where the analysis units at a grain of 150m were con-
sidered as tree tips, the other grains as tree nodes and the single 
analysis unit of the PA as the root node (Figure 2d). The commonness 
type of a given taxon, as measured at the relevant spatial grain, was 
plotted using one of the nine commonness type colours (Figure 1) at 
each node or tip. This allowed for visual interpretation of changes 
in commonness across scales and identification of areas requiring 
particular strategies, as well as the influence of specific invaded sites 
at successively coarser or finer spatial grains.
3  | RESULTS
3.1 | Summary of metrics
Most species showed wide variation in local population density 
at fine grains (150 and 300 m), for example, Acacia saligna ranged 
from zero to 67,572 plants/ha (Figure S2; Table S1). As expected, 
all species declined in population density with an increase in grain, 
e.g. mean plant density for all Acacia species decreased from 3,694 
plants/ha at grain 150 m to 1,188 plants/ha at grain 4,800 m 
(Figure S2; Table S1). The trend for taxa was to have narrow geo-
graphic ranges (Dij < 1) at fine grains (150 and 300 m), with a general 
increase in area occupied, i.e. higher Dij (1–1.5) at grains >1,200 m 
(Figure S3). At the largest scale (4,800 m), only Pinus radiata had Dij 
values <1, indicating that even at the scale of the entire PA, this spe-
cies had a narrow distribution. The spatial pattern (SADIE Ia) tended 
to be random (Ia ≈ 1) to clumped (Ia > 1) at all grains (Figure S4). All 
Acacia and Pinus species and Leptospermum laevigatum had outlier 
populations with highly clumped distributions (SADIE Ia > 2) at fine 
grains. At the Park scale, only Pinus and Eucalyptus species had very 
clumped distributions (Ia > 2).
3.2 | Management strategies and influence of scale 
on commonness type
At fine grains, most analysis units for all species fell into the Point 
Source commonness type (e.g. 46% and 37% of analysis units 
for Acacia saligna and Acacia longifolia; Figure 3a,c), except for L. 
laevigatum, which was classified as Not Common (Figure S5a,b). 
Not Common was the second most frequent commonness type 
for all species, indicating small, but evenly spaced, populations in 
the landscape. At the medium grain of 600m, only Acacia saligna 
and Acacia longifolia had more than one analysis unit in the large 
population types of either Constrained, Incipient or Successful 
(Figure 3b,d; Figure S5d,e). At coarser grains, the overall trend 
was for sites to be classed within the wide occupancy ranges, 
but with small population sizes as mainly Dispersed and Sparse 
types. At the scale of the Park (4,800 m grain) all species fell into 
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the Sparse commonness type, except for Acacia longifolia and 
Leptospermum laevigatum (Dispersed) and Pinus radiata (Point 
Source; Figure S5f,g).
Due to the high frequency of analysis units classed as Point 
Source and Not Common across species at fine grain (150 m), a 
Rapid Response or Reconnaissance strategy would be the most 
F I G U R E  3   (a–d) The number of analysis units with a particular commonness type at a given grain (see Table 1, Figure 1), and (e–h) the 
associated proportion of analysis units requiring a particular management strategy (Re-reconnaissance; RR-rapid response; Sw-sweeping; 
Cl-control; Cn-containment) and (i–l) the hierarchical mapping at 150 and 600 m spatial grains for Acacia saligna and Acacia longifolia. Colours 
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appropriate. For example, a Rapid Response approach is suitable for 
73% of Acacia saligna and 63% Acacia longifolia analysis units respec-
tively (Figure 3e,g; Figure S6a,b). At this fine scale, very few analysis 
units fell into the commonness types for which the Control strategy 
would be most appropriate. At medium grains (600–1,200 m), the 
trend was for species either to remain predominantly in the Rapid 
Response strategy (e.g. Acacia longifolia, Figure 3h) or a combina-
tion of Rapid Response and Sweeping strategies (e.g. Acacia saligna; 
Figure 3f; Figure S6c,d). At the scale of the park (grain 4,800 m), a 
Sweeping strategy would be appropriate for all species except for 
Pinus radiata, for which a Rapid Response strategy would be optimal 
(Figure S6e,g).
3.3 | Spatial hierarchy analysis
Visual inspection of the commonness phylo-trees identified 
three important patterns of management relevance (Figure 3i–l; 
Figure S7). First was the occurrence of isolated populations of Point 
Source or Not Common types, i.e. single analysis units with low-level 
invasion adjacent to units where the species is absent. This was evi-
dent for Paraserianthes lophantha (Figure 4a), Hakea species, Pinus 
radiata and Leptospermum laevigatum. Second was the occurrence 
of areas with high density invasions (types Successful and Highly 
Successful) adjacent to very low density sites (Point Source), e.g. 
Acacia cyclops, Acacia longifolia and Paraserianthes lophantha branch 
tips (grain 150 m; Figure 4b). A third pattern was areas that require 
heterogeneous management interventions at a finer scale, i.e. spe-
cies have several very different commonness types in close proxim-
ity. For example Acacia saligna and to a lesser degree Acacia longifolia 
and Acacia cyclops have up to six of the commonness types as branch 
tips, on the same branch (Figure 4b,c).
4  | DISCUSSION
4.1 | Implications for management
Here we have shown that the same species can have a variety of 
commonness types across different parts of the landscape. This 
suggests that species occur in different invasion stages in the 
park, with important implications for treatment strategies (Pluess 
et al., 2012). At fine grain, Point Source and Not Common typolo-
gies were most prevalent, indicating that species historically con-
sidered as highly invasive and problematic, such as the Acacias (Le 
Maitre et al., 2011; Richardson et al., 2011), are under relatively 
good management control. For example, Acacia saligna, a potential 
ecosystem transformer (Holmes & Cowling, 1997), was classified 
as either Point Source or Not Common across 73% of the sites at 
which it is still present, and only occurs at densities >2,500 plants/
ha in 19% of sites. This is testament to good progress made by the 
clearing programme and in the absence of a clearing programme, 
many more sites would exceed this threshold. Historic data showed 
that in 1998 about 70% of the park had high densities of Acacia 
F I G U R E  4   Tree segments showing various invasion dynamics: (a) isolated populations of Point Source or Not Common types (see 
Table 1), (b) Successful and Highly Successful types adjacent to very low density Point Source, Not Common and Not Present types  
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species (Table Mountain National Park, unpubl. data; earlier data 
indicate high density of Acacia spp. across 40% of the southern sec-
tion of the park, Taylor et al., 1985).
Identifying highly invasive species, such as Acacia saligna, with 
low population (<2,500 plants/ha) and narrow range metrics is im-
portant as it suggests three potential future invasion trajectories. 
First, management pressure will continue and local extinction of 
IAP will occur (Simberloff, 2009). Second, management pressure 
weakens, allowing an increase in local IAP population density and/
or range, resulting in reinvasion (Gardener et al., 2010; McGeoch & 
Latombe, 2016). The third alternative outcome is a continued ‘stale-
mate’ between management control pressure and invasion expan-
sion that results in species remaining in the observed commonness 
type categories (Moore et al., 2011; Richardson et al., 2011; Souza-
Alonso et al., 2017). Currently the third option is most likely, as the 
required Rapid Response strategy, that necessitates a relatively 
higher search time and more flexible treatment methods, is not un-
dertaken as part of the clearing programme for common species. 
Although past strategies have clearly made progress towards reduc-
ing species commonness, the remaining species occur in a number of 
invasion phases in different parts of the park, suggesting that addi-
tional management strategies are warranted.
Addressing the management of IAPs at a single scale alone 
may mask certain necessary actions. Understanding the under-
lying drivers of invasion at different scales, for example dispersal 
mechanisms (Lockwood et al., 2005; Wilson et al., 2009), can im-
prove the likelihood of successful management. Unfortunately most 
strategies for controlling IAPs are developed from information col-
lected at the scale of the management units to be treated (Working 
for Water, 2003). As the size of the current management units fall 
within the medium analysis grains used here (600–1,200 m), popu-
lation parameters such as abundance are likely to be overestimated 
due to the power law relationship between area occupied and grain 
(Figure S1; He & Gaston, 2000, 2003).
While over-estimation of population parameters may be viewed 
as taking extra precaution, this has disadvantages, notably appro-
priate choice of treatment strategy. For example, viewed at a man-
agement unit grain of 600 m, Acacia cyclops would predominantly 
require a Sweeping strategy, whereas at a fine scale, the majority 
of sites would be best treated using a Rapid Response approach. 
A further mismatch is the under-use of the Reconnaissance strat-
egy. Although invasion prevention is widely accepted as the most 
cost-effective approach to manage IAP (Pluess et al., 2012; Souza-
Alonso et al., 2017), the likely choice of Reconnaissance diminishes 
with increasing grain size. For example, Acacia longifolia had 31% of 
the sites suited to a Reconnaissance strategy, while at coarser grains, 
this strategy was absent.
The complexity of managing the invasion landscape (e.g. a 
range of invasion stages in close proximity) is seldom integrated 
into current strategies, due to emphasis on area-based approaches. 
Recognising that both area-based (treating all IAPs in a defined area) 
and species-based (targeting specific IAP taxa) management strate-
gies have shortcomings in terms of spatial grain, prioritisation and 
interdependence, a third ‘invasion-based’ approach is warranted. 
Appreciation of the dynamic range properties of IAPs frees manag-
ers from the constraints imposed by area-based or species-based 
strategies. For example, the park examined here currently imple-
ments a fixed Control strategy, best suited for the commonness 
types Incipient and Constrained, despite these two types being least 
frequent types in the PA. While the low frequencies of these types 
could indicate that the Control strategy has been well-implemented 
historically, our results suggest that it is no longer the most appropri-
ate strategy for the current state of invasion in the park. Use of more 
nuanced strategies at various scales, in particular Rapid response 
for isolated populations, could be highly beneficial to IAP manage-
ment. For example, application of this integrated ‘invasion-based’ 
approach has identified three taxa that could feasibly be targeted 
for eradication, namely Pinus, Eucalyptus and Hakea species; while 
there are certain areas of the park where Acacia species could be 
targeted for local eradication. That is, managers can broadly apply 
the current area-based approach, but add species-specific targets 
within particular sites.
4.2 | Modifications for other systems and species
In this case study, we have applied the framework to species that 
are known to be highly invasive and have high impact. The popula-
tion threshold (2,500 plants/ha) was chosen based on our knowledge 
of these species' traits and the effort required to treat them. This 
threshold could be amended based on the suite of species to be tar-
geted. The current thresholds of local population size and novel range 
are suitable to detect subtle trends in our system. For example, our 
results show that Acacias have bigger changes in terms of population 
density across sites, (i.e. increase in commonness from left to right 
on the bottom framework axis) because of the way that they recruit 
and disperse (limited) in relation to fires (Souza-Alonso et al., 2017; 
Strydom et al., 2017). In contrast, due to their long-distance dispersal 
abilities, pines and hakeas tend to increase in range before increasing 
in local population size (Richardson et al., 1994; i.e. increase in com-
monness by moving from bottom to top along the left axis). While 
we are reasonably certain that past management action has had a 
large impact on the current distribution of species, we recognise 
that other species' commonness types may be constrained by re-
source limitations, e.g. riparian species like Giant Reed, Arundo donax 
(Coffman, 2007; Lambert et al., 2010). These factors would also need 
to be considered in interpreting species' commonness relative to the 
system of study.
4.3 | Benefit of the approach
Since a uniform coarse-grain assessment of species invasion at the 
landscape level does not adequately capture the fine-grain reality of 
population invasion, we show that even for a single species, a range 
of management strategies is appropriate within the same protected 
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area, depending on the area to be treated. Frequently conservation 
managers are stuck in a management stale-mate where funds are 
required indefinitely for ongoing control of alien species. More nu-
anced addition of species-specific goals at individual sites (as dem-
onstrated here) will allow for greater flexibility and application of 
strategies in novel combinations, to increase the gains made for 
similar investments and improve control effectiveness. The com-
monness framework approach is intended to support the design, 
planning and communication of such strategy combinations for 
adoption by conservation managers. Measures of range dynam-
ics, which are themselves comparatively cost-effective to generate 
(Cheney et al., 2018), are therefore important for informing appro-
priate conservation responses and assisting in tailoring management 
interventions to minimise the impacts of IAPs, particularly in pro-
tected areas where invasion is a threat to their core objectives.
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